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INTRODUCTION
The high-strain-rate stress-strain response of titanium alloys is receiving continued attention related to platform calculations for crash-worthiness and foreign-object damage in aerospace systems, ballistic and armor applications, high-rate forming, and high-rate machining. Interest in building more physicallybased constitutive models to describe these processes utilizing Ti-alloys requires a knowledge of the coincident influence of temperature, strain rate, and microstructure on the high-strain-rate mechanical response of Ti and Ti-alloys. However, while a number of experimental studies have probed the highrate mechanical behavior of titanium and titanium alloys, less is known about the systematic effects of temperature and grain size on the high-strain-rate constitutive response of high-purity Ti. A number of previous studies have probed the constitutive response of Ti and Ti-alloys, including most notably . In considering the mechanical response of high-purity Ti at high-strain rates attention must be given to the flow-stress level, the rate sensitivity, and the strain hardening. Previous work suggests that at low strains at 298K a single thermally activated process is operative [9] but at higher strain rates and/or lower temperatures an additional mechanism with lower activation volume is operative [6] . The rate sensitivity and thus the competition between these mechanisms is strongly dependent on impurity content [9] . The strain hardening behavior, which reflects both dislocation accumulation and dynamic recovery effects is influenced by impurity levels, grain size, and the extent of deformation twinning [6,7, 9, 101. Substructure evolution in titanium is significantly altered by changes in the temperature and strain rate of loading as well as alloy and interstitial content and texture[9, 113. Both macroscopic and microscopic investigations have shown that while deformation in nominally pure-Ti includes both slip and deformation twinning under quasi-static and dynamic deformation loading, the propensity of twinning is seen to be higher under high-rate loading and/or low-temperature deformationf3,4, 8, 121.
I . .
The objective of this paper is to present results illustrating the effect of systematic variations of temperature and grain size at high-strain rate on the work hardening and substructure evolution in highpurity.Ti possessing a strong basal texture. To examine the influence of loading orientation, and thereby texture, on the mechanical response of this strongly basal textured Ti-plate compression samples were sectioned from both the through-thickness and in-plane plate directions. Cylindrical compression samples (5-mm in dia. by 5-mm long) were f i s t electro-discharge machined (EDM) normal to the cross-rolled plate; this orientation relative to the plate texture fixed the compression axis of the samples to be nominally 20 degrees to the c-axis orientations of the grains. Quasi-static compression tests were conducted at strain rates of 0.001 and 0.1s-1. Dynamic tests were conducted as a function of strain rate, 1000-6000 s-1, and temperature, between 77 and 873K, utilizing a Split-Hopkinson Pressure Bar[ 131. Samples were also EDM machined in the in-plane plate direction to evaluate texture effects on constitutive behavior and substructure evolution. The inherent oscillations in the dynamic stress-strain curves and the lack of stress equilibrium in the specimens at low . strains make the determination of yield inaccurate at high strain rates. Specimens for optical metallography were sectioned, parallel to the loading axis, from the as-recrystallized and deformed samples. Specimens for analysis of the deformation microstructures were deformed to a true strain of 20%; however, selected samples were also deformed to a true strain of 2% to facilitate examination of the microstructure at different stages of deformation. Samples for optical metallographic examination were polished conventionally and etched using an acidic solution (10 ml H20, 10 ml HNO3, 10 ml HCl, and 5 ml HF).
EXPERIMENTAL TECHNIQUES

RESULTS AND DISCUSSION
In discussing the results of the current investigation it is important to consider that in systems which exhibit slip on a variety of systems plus twinning the observed rates of strain hardening may reflect processes which are more complex than the classical dislocation accumulation processes observed in f.c.c. materials. As the shear strains involved in twinning are large and the volume of the twin is significant twinning may give a lower work hardening rate as observed by a number of authors[ 14, 151.
However the occurrence of twinning is dependent on grain size and texture as well as strain rate and temperature. Further in the case where slip and twinning are co-existent twinning may divide the grains thus reducing the effective slip distance and thereby raise the hardening rate. With these caveats in mind the results can be rationalized in the following manner. The through-thickness stress-strain responses of high-purity-Ti, possessing either a 20 or 240 pm grain size, deformed quasi-statically at 298K and 77K and also dynamically as a function of temperature from 77 to 873K are shown in Figures 1 and 2 . The compressive true-stress true-s train response of high-purity Ti tested in the through-thickness plate direction is seen in these figures to depend on both the applied strain rate, varied between 0.001 and 3000 s-*, and the test temperature, varied between 77 and 873K at a strain rate of -2000 s-'. The strainrate sensitivity of the flow stress of high-purity Ti in this loading orientation at 2% strain at 298K was calculated to be nominally independent of grain size: being 0.020 for the 240 pm grain size and 0.026 for the 20 pm grain size material. This rate sensitivity level is consistent with defect generation and storage processes in Ti being controlled by a significant Peierls stress contribution to plastic flow as typical for b.c.c. and h.c.p. metalsC3, 151. The shapes of the through-thickness plate stress-strain curves, particularly those at 77K, exhibit extended linear hardening behavior and an overall form which differs from the typical parabolic stress-strain curve shape due to slip hardening in disordered metals and alloys[ 161. This extended linear hardening response is similar to that exhibited in Fe-, Ni-, and Ti-based aluminides[ 171 under high-rate loading as well as Zr [ 161 under low-temperature loading. In each instance suppression of dynamic recovery processes and/or extensive deformation twinning extend stable work-hardening to high flow stresses. All the through-thickness compression samples were observed to remain round following prestraining independent of the strain rate or temperature of testing. This observation is consistent with the isotropic in-plane basal texture of the cross-rolled Ti-plate.
The rate of strain hardening in high-purity Ti for the through-thickness plate direction is seen to increase with increasing strain rate or decreasing temperature for both grain sizes as shown in Table I . Increasing strain rate from 0.001 to 3000 s'' is seen to increase work-hardening rates by 25 and 40% for the 20 pm and 240 pm grain size Ti, respectively. Normalizing the hardening rates 8 given in Table I Increasing temperature from 77 to 873K at high-strain rate is seen to decrease the overall flow stress levels and rates of strain hardening for both high-purity Ti grain sizes. The calculated hardening rate at 873K at high rate is nominally 400 / unit strain and 220 / unit strain for the 240 pm grain size and 20 pm g?ain size Ti, respectively. The substructure evolution in high-purity Ti loaded in the through-thickness pIate direction, similar to its mechanical response, was observed to depend on the applied strain rate, temperature of deformation, and the polycrystalline grain size. Optical metallographic examinations were conducted on compression samples of the two different grain size titanium's subjected to prestrains of 2% and 20% as a function of temperature and strain rate. The substructure of high-purity Ti deformed at high-strain-rate or quasi-statically at 77K, for both grain sizes, was seen to display a significantly higher incidence of deformation twinning than following low strain rate deformation at 298K as shown in Figures 3 and 4 . The Ti samples with a 240 pm grain size exhibited twinning in all grains and multiple twin variant activation in many grains (Figure 3b ) following quasi-static prestraining at 77K to a small plastic strain of &=0.02. Following quasi-static prestraining to an equivalent strain at 298K, however, only a limited number of deformation twins were seen in most grains as shown in Figure 3a .
The propensity for twin formation in Ti under high-strain-rate or low-temperature loading conditions is consistent with similar trends in a large number of metals and alloys[l2] including previous studies on hexagonal metals including Ti and Ti-alloys[3,4, 81 and Zr[ 161. The propensity for increased twinning in high-purity Ti at low temperature is also consistent with a number of previous studies [9, 19, 201 as well as being favored due to the shear stresses applied in the through-thickness plate loading direction for these samples requiring substantial c-axis contraction during compression due to the strong basal Additional compression test samples were machined from the in-plane plate orientation to probe the influence of texture on the constitutive response of Ti. Figure 5a shows the (0002) pole figure illustrating the starting basal texture in the plate as well as a schematic of the skip systems in Ti. The well established common slip modes in Ti [9] , in order of ease of operation, are{ 10 TO),{ 10 i l } , and {OOOl~, prism, first-order pyramidal, and basal slip, respectively, with the 4 1 zO> slip burgers dkection. The Schmidt factors applied to these slip systems, upon changing the macroscopic loading direction relative to the starting texture, have a large effect on: a) the stress levels necessary to activate slip, b) the trade-off between slip and twinning deformation modes to accommodate the applied stresses, and c) the overall work-hardening rate in Ti due to the number and type of slip and twinning systems activated. Compressive loading in the through-thickness plate direction results in relatively unfavorable Schmidt factors for easy activation of prism, pyramidal, and basal slip. Compressive deformation in this loading orientation will thereby result in higher flow stress levels and favor deformation twinning to accommodate c-axis contraction in Ti consistent with the flow stress values and metallographic observations. Conversely, loading applied to samples lying in the plane of the plate will have more favorable Schmidt factors to activating prism, pyramidal, and basal slip thereby requiring lower flow stresses to initiate and sustain plastic flow. In addition, in-plane loading will also exhibit a reduced propensity for deformation twinning due to the reduced requirements to accommodate c-axis contraction and/or expansion.
The stress-strain response of the basal-textured high-purity-Ti loaded in the transverse (in-plane) orientation, for the 20 pm grain size, deformed quasi-statically at 298K and 77K and also dynamically at 298K is shown in Figures 5b . Similar to the through-thickness stress-strain behavior the constitutive response in the in-plane direction is seen to depend on both the applied strain rate and the test temperature. However, consistent with the "softer" crystallographic in-plane orientation, compared to loading along the c-axis[ZO], the yield stress for the 20 pm grain size material in this direction is -100
MPa lower than for the through-thickness orientation. In addition, the compression samples for the inplane orientation following testing were seen to be elliptical-shaped with the minor-axis direction corresponding to the through-thickness plate direction consistent with this being the "hard" orientation of the plate. The oblate nature of the prestrained compression samples in the in-plane direction is -10% following quasi-static testing at 298K. Metallographic observations show a lower propensity for twinning for the in-plane loading direction. The work-hardening rates for the in-plane orientation are observed to be higher than previously noted for the through-thickness direction; 740 MPdunit strain for deformation at 0.001 s-' and 298K and 1420 MPdunit strain at 2000 s-' and 298K. Higher hardening rates in the transverse orientation are consistent with enhanced dislocation storage due to multiple slip system activation and/or a reduced level of dynamic recovery. The pronounced plastic anisotropy of the compression sample responses as a function of loading direction, with their commensurate yield anisotropy, demonstrates the absolute necessity of including texture in any robust description of the constitutive description of Ti. The mixed roles of slip and twinning as a function of loading rate, temperature, and texture further demonstrate the need to encompass both deformation mechanisms as well as crystallographic texture and grain size in any physically-based description of constitutive material model. Previous work by Armstrong[ 141 presented one example of how deformation twinning can be integrated into a thermally-activated dislocation kinetics-based constitutive model for a metal where slip, twinning, and textural anisotropy are important factors in controlling plastic flow; in this case utilizing the MTS model to describe the mechanical behavior of alpha-uranium.
SUMMARY AND CONCLUSIONS
Based upon a study of strain rate, temperature, texture, and grain size on the structure/property response of high-purity Ti, the following conclusions can be drawn: 1) the constitutive response of high-purity Ti is-strongly dependent on the starting crystallographic texture and grain size of the Ti as well as the imposed strain rate and temperature, 2) the rate of strain hardening in Ti increases with increasing strain rate, increasing grain size, and decreasing temperature due to a pronounced increase in deformation twinning when loading stresses along the c-axis, and 3) the interwoven roles of slip and twinning as a function of loading rate, temperature, and texture on the stress-strain and work-hardening behavior of Ti demonstrate the need to encompass both deformation mechanisms as well as texture in any physically-based constitutive model for metals and alloys where deformation twinning contributes to plastic flow.
